In 1957 an isotopic balance method was described (1) for the measurement of excretion products of cholesterol in intact organisms. In this procedure radioactive cholesterol was administered to patients, and radioactivity in feces was subsequently measured, sufficient time being allowed for isotopic equilibrium to be reached between plasma cholesterol and biliary cholesterol and bile acids. On the assumption that the specific activity of fecal excretion products derived from endogenous cholesterol would be the same as that of plasma cholesterol, the mass of fecal neutral and acidic steroids' was estimated from the total radioactivity excreted in those two fractions. The assumption appeared to be validated for the neutral fraction when it was found that specific activities of plasma cholesterol and of fecal neutral steroids were identical on a fat-free regimen. Later it was shown by Lindstedt and Ahrens (2) that the specific activity of bile acids and cholesterol in bile became approximately equal to that of plasma cholesterol.
The first clinical application (1) of this method was made in a patient with hypercholesteremia and carbohydrate-induced hyperglyceridemia (3; 4, patient H.S.). Substitution of corn oil for butter oil in the diet, each at 40%o of total calories, pro-duced a decrease in plasma cholesterol that was associated with a reciprocal increase in fecal neutral steroids, but not in fecal bile acids. This study in one patient was not reported in detail, but the isotopic balance method has been utilized subsequently by Moore, Anderson, Keys, and Frantz (5) and by Avigan and Steinberg (6) in similarly designed clinical experiments in a total of 11 subjects; they also obtained evidence to support the validity of the assumptions on which the method is based.
Since an analytical technique that depends on in vivo administration of radioisotopes is useful only in certain limited situations, we subsequently devoted considerable effort to the development of sensitive chemical methods for quantitative isolation and measurement of fecal neutral and acidic steroids (7, 8) . Analysis by a combination of thin layer and gas liquid chromatography (TLC and GLC) has several advantages over the isotopic balance method. It eliminates dependence on use of radioisotopes in patients. It gives a direct measurement of mass of the two steroid fractions yet provides a qualitative as well as quantitative pattern of steroid excretion. Finally, it presents a method for quantitative analysis of fecal conversion products of plant sterols independent from those of cholesterol. The latter is a cardinal feature of the present method, since a measurement of plant sterol balance provides an accurate estimate of the degree of neutral sterol degradation in the course of transit through the intestine; this estimate allows a correction to be made for the degradation of cholesterol and its neutral steroid conversion products.
We have had the opportunity recently to study again the same patient in whom the isotopic balance method was originally used, to compare results obtained by chromatographic and isotopic methods applied simultaneously, and to evaluate the advantages of the two techniques. The feeding pattern was almost the same as that used in the first study, but the excretions of fecal steroids were corrected for fecal flow rates by reference to the excretion of the inert marker, chromic oxide, as previously described by Spritz, Ahrens, and Grundy (9) , and in addition it was now possible to determine that in this study there was a negligible degree of neutral sterol degradation. The results of this study lend support to previously pre- Cholesterol-4-'4C (80 uc) was administered 21 days before period I began. One ml of ethanol containing the radioactive tracer was dispersed in 150 ml physiologic saline; the mixture was immediately administered intravenously. A 3-week interval before beginning period I was allowed for crossover of the specific activities of the fecal bile acid and plasma cholesterol pools.
Laboratory methods
Isolation and gas-liquid chromnatographic analysis. Dietary and fecal neutral steroids and fecal acidic steroids were isolated separately and were measured by GLC, as reported elsewhere (7, 8) . This procedure permits the critical distinction to be made between plant sterols, cholesterol, and all bacterial conversion products derived from these two sources during intestinal transit.
The flow sheet ( Figure 2 ) outlines the main procedural steps (solid lines) ; for details, the previously cited reports should be consulted (7, 8) . Neutral steroids were freed from contaminants by TLC, their radioactivity was counted, and their mass was measured by GLC. The acidic steroids were isolated from the petroleum ether-insoluble residue. After a rigorous saponification designed to hydrolyze bile acids still present in conjugated form, the free bile acids were extracted with chloroform-methanol and chloroform. The bile acids were methylated, then separated from the bulk of fatty acids and acidic pigment contaminants by TLC. The radioactivity of this fraction was counted, and the mass of acidic steroids was measured by GLC. Radioactivity was measured by means of a Packard Tri-Carb scintillation spectrometer (model 3003) as previously described (7) . Toluene-"C was used as internal standard to correct for quenching.
Isotopic balance method (hereafter referred to as the isotopic method). Total radioactivity in the fecal neutral and acidic steroid fractions was measured after extraction and separation as designated in Figure 2 ( Acidic steroid degradation also occurs, but in our experience to date it has never exceeded the degree 'of degradation of the neutral steroids. Until a direct method for estimating this degradation is found, we have chosen to apply the formula given above to the acidic as well as the neutral steroids, recognizing that the errors in absolute terms are relatively small and that the application of this formula is preferable to overlooking the question completely.
Results
The major objective of this study was to compare the relative advantages of the isotopic and GLC methods for measurement of sterol balances in man, and on the basis of this to suggest how best to accomplish such balance studies in future efforts to explore problems of absorption, synthesis, feedback control, and transfer to tissues. In addition, the present study allowed us to investigate two other questions: 1) Does fecal steroid excretion increase to balance the decrease in plasma cholesterol when corn oil-is substituted for butter oil in the diet, as previously demonstrated Figure 1 . (12) ; specific activities extrapolated from data plotted in Figure 4 . $ Mass measurement by GLC after multistep isolation (7, 8) ; data pertain to the day designated, without correction for fecal flow. Figure 4 (lower), the specific activity of fecal neutral steroids during period I was consistently lower than that of plasma cholesterol, due to dilution with unabsorbed dietary cholesterol. In other words, in period I the isotopic method estimated only the fecal neutral steroids of endogenous origin, whereas the GLC method measured these but also the unabsorbed dietary cholesterol. When the diet was cholesterol free, both methods measured only the steroids of endogenous origin; thus in periods II and III similar excretion data were obtained by the two methods.
In comparing fecal excretions of neutral steroids in periods I, II, and III, when exogenous cholesterol was offered only during period I, it seems valid to restrict the comparison to the excretions of neutral steroids of endogenous origin. For this purpose the isotopic method seems ideal. As shown in Table II The magnitude of the change in plasma cholesterol content during period II, when corn oil replaced butter in the diet, is presented in Table IV . A decrease of 545 mg per day in plasma cholesterol content occurred during the 10 days of period II, while at the same time total fecal steroid excretion increased by 514 mg per day. However, inspection of Figure 3 shows that the increased excretion in periods II and III was continuous and not separable. Thus, in view of the lag in excretion shown in Figure 3 , it is reasonable to equate the plasma cholesterol decrement in period II with the fecal steroid increment in periods II + III. It is noteworthy that Moore and associates (5) and Avigan and Steinberg (6) considered their data in this manner. Cr2O , method. These measurements were made during the last 40 days of the butter regimen, when the formula ingested contained a total of 300 mg of cholesterol per day. Although the intake of cholesterol was low, absorption averaged only 36%; the range of values was small, from 27 to 47%.
Discussion
Comiparison of two methods. The isotopic method is technically simpler than the GLC method and can serve a variety of purposes in clinical investigations of sterol metabolism, if certain precautions are taken. 1) Considerable time must elapse between administration of isotope and measurement of labeled products in the feces. In five formula-fed patients the crossover of the curves of plasma cholesterol and fecal bile acid specific activity occurred between 1 and 3 weeks (9) ; however, the relationship between the curves does not appear to be constant until 4 to 6 weeks, after which isotopic equilibrium among the various miscible pools of cholesterol has been reached (18, 19) . 2) The application of arbitrary time corrections for equating plasma cholesterol and fecal steroid specific activities must be recognized to be risky. From patient to patient, and even from time to time in any one patient, this correction can be expected to vary considerably, depending on speed and completeness of colonic emptying as well as on the varying turnovers of cholesterol and bile acid pools. 3) Some assurance must be obtained of the absence of sterol degradation during intestinal transit, or measurements must be made of the extent of degradation. Excretion data based on recovery of isotopically labeled cholesterol products in the feces will be underestimated whenever sterol degradation occurs. This factor has not been considered in previous studies of sterol balances (tabulated in references 7 and 8).
The GLC method is more laborious, but it offers advantages that in most circumstances outweigh its drawbacks. 1) It does not depend on in vivo administration of radioisotopes. Thus, it can be applied in all members of the populationnormal volunteers, young adults, and children-in whom it might be hazardous to administer radioactive compounds. When cholesterol-free diets are fed, the daily total fecal steroid excretion will closely approximate the daily synthesis of cholesterol. 2) \Vhere it is feasible to administer radioisotopes i'l vio, use of labeled compounds can be reserved for exploration of important dynamic problems, such as absorption, synthesis, feedback control, and excretory pathways.
3) The GLC method applied to analysis of diets clearly distinguishes plant sterols from cholesterol, as it does to their bacterial conversion products measured in the feces. This permits an accurate measurement of plant sterol balance to be made, so as to assess the degree of sterol degradation during intestinal transit. With this correction factor in hand, the true excretion of cholesterol products can be measured accurately, since cholesterol is degraded to the same degree as plant sterols. When either method of measuring steroid balances is applied, it is highly desirable to correct calendar stool collections for the rate of fecal flow by incorporation of a readily recognized internal standard in the diet. Chromic oxide has been used in the present study, but in studies not yet published we have obtained evidence that it is not an ideal standard for all patients. It appears that dietary plant sterols are more nearly ideal as internal standards for measurement of cholesterol excretion products. Indeed, with regard to neutral steroids derived from cholesterol, the plant sterols and their conversion products have the same distribution in the intestinal contents and suffer the same degree of destruction. Furthermore, they are measured in the same GLC analysis as the cholesterol products, so that no additional technical work is required to obtain accurate measures of their quantities.
Comparison of the results obtained by the two methods (Tables I and II) , especially during periods II and III, lends strong support to our previous evidence (7, 8) Reciprocal changes in plasma cholesterol and fecal steroid excretion. When corn oil replaced butter oil in the diet of this patient, the plasma cholesterol content decreased by an estimated total of 5,450 mg, whereas total fecal steroid excretion increased by 18,192 mg; the increase was about equally divided between acidic and neutral steroids of endogenous origin. However, it is important to emphasize that the increased fecal steroid output was not confined in time to the transitional period (II) when plasma cholesterol concentrations were decreasing, but persisted through most of the 24-day period that corn oil constituted the sole dietary fat (Figure 3) . The 1957 study in this patient (1) was similarly designed, and the first stool analyses were made 6 weeks after intravenous administration of cholesterol-4-14C. Fecal steroid analyses were made solely by the isotopic method, without corrections for fecal flow or for sterol degradation. A large increase in fecal neutral steroids (but not bile acids) was noted in the 14-day transitional period (II) when corn oil replaced butter in the diet, whereas in the present study there was a considerable overlap of increased fecal steroid excretion from period II into period III, and both steroid fractions were equally affected; we have no explanation for the differences in distribution and duration of the increased steroid excretion at the two times.
The variability of the excretion data obtained by both methods deserves special comment: As Figure 3 suggests, a statistically significant difference between periods I and II + III depends on having data from a sizable number of stool collection periods before and after the dietary fat exchange.
It was suggested on the basis of the previous study (1) that the alterations in plasma cholesterol content caused by exchanges of dietary fats could be explained by reciprocal changes in intestinal excretion of steroids. Numerous reports published since 1957 claim to have shown that unsaturated fats induce increased excretions of bile acids, neutral steroids, or both, but as previously discussed (7-9) we have serious reservations about many of these results because of inadequate methods. Indeed, in view of our recent finding that sterol degradation of considerable magnitude can occur (up to 60%o of the plant sterols ingested were degraded in one patient), we believe that all previous studies of sterol balance as a function of exchange of dietary fat, including our own (9), must be viewed with some suspicion. This is the only patient out of 11 studied here in whom an increased excretion of fecal neutral steroids has resulted from the feeding of unsaturated fat. Until such studies have been repeated numerous times, with varying sterol intakes and with adequate corrections for sterol degradation during intestinal transit, it seems unwise to attempt to lay down general rules about the mechanism of the effect of unsaturated dietary fats on serum cholesterol concentrations.
In the present study we have shown that the increment in excretion of fecal steroids was greater than the decrement in plasma cholesterol content when corn oil replaced butter in the diet. That this increase in fecal steroids was not due to increased cholesterol synthesis is evident from the slope of the cholesterol-14C specific activity-time curve in Figure 4 ; if there had been increased synthesis, a downward break in the curve would have been seen, as schematized in Figure 5 . There was, in fact, a slight temporary upward deflection in the curve during period II that could have been caused either by a temporary curtailment of cholesterol synthesis or by abrupt cessation of absorption of unlabeled dietary cholesterol after its deletion from the diet in period II. Since the data plotted in Figure 4 indicate that the increment in fecal steroids could not have been caused by increased cholesterol synthesis, and since the increment was three times as large as the plasma cholesterol decrement, we conclude that there had been a net flux of cholesterol out of tissues other than plasma. Whether this flux had truly ended on day 60 (Figure 3) , and which tissues can so readily release cholesterol, are subjects for future experiments to determine. Neither can we say whether the flux observed was caused by the type of fatty acids in corn oil or by its plant sterol content, in view of the unequal intakes of cholesterol and plant sterols in the two diets. The present experiment was designed primarily to cpmpare two methods for carrying out sterol balance studies and not as an exploration of the mechanisms responsible for the cholesterol-lowering properties of corn oil.
Absorption. The absorption of exogenous cholesterol in man cannot be measured as a straightforward difference between cholesterol intake and fecal sterol output because of the contribution of endogenously synthesized cholesterol to the enterohepatic pool. The studies of Stanley and Cheng (22) and Karvinen, Lin, and Ivy (23) represent efforts to solve this difficulty by ingenious use of orally administered internal standards. Kaplan, Cox, and Taylor (24) investigated this question in 24 healthy volunteers by feeding a constant amount of labeled cholesterol each day, diluted with various amounts of unlabeled cholesterol; they measured the specific activity of plasma cholesterol over many weeks and calculated that the absorption maximum might be as low as 150 to 300 mg per day. Wilson and Lindsey (25) measured the absorption of fed cholesterol by calculations based on the specific activity of plasma cholesterol and fecal neutral sterols in two normal men fed small doses of radioactive cholesterol daily until isotopic equilibrium had been attained. They found that cholesterol absorption was small, even when the intake was very large: 300 mg absorbed from an intake of 3 g. We also have noted the same limitation of cholesterol absorption in somewhat similar unpublished studies of two hypercholesteremic females. In the present study we have presented still another method for calculating cholesterol absorption, by measuring the unabsorbed dietary cholesterol as the difference between the excretion of fecal neutral steroids determined by the two techniques used in this study. With an intake of 300 mg per day, the absorption in five consecutive 8-day periods averaged 36%, or only 108 mg per day.
In the future, studies of different cholesterol intakes in the same patient must be made to determine the various factors that affect this absorption in normal and abnormal states. Summary A cholesterol balance study was undertaken in a 50-year-old male with hypercholesteremia and carbohydrate-induced hyperglyceridemia in order to compare two independent, simultaneously applied methods for measuring this balance: the isotopic balance method and a new method depending on chemical isolation and gas liquid chromatographic analysis. After intravenous administration of cholesterol-4-14C, isotopic equilibrium between plasma and tissue cholesterol pools was reached only after 35 days.
After 35 days the results obtained by the isotopic balance method represented the excretion of steroids of endogenous origin. Earlier The increment in total fecal steroids, when corn oil replaced butter in the diet, was three times larger than the decrement in plasma cholesterol; the acidic and neutral steroids of endogenous origin shared equally in that increment. Since cholesterol biosynthesis was not increased, the excretion results strongly suggest a net flux of cholesterol out of tissues.
The data presented in this study lend strong support to the validity of our chemical isolation method, which quantifies the end products of cholesterol metabolism by thin layer and gas liquid chromatography and which also permits appropriate corrections for sterol degradation occurring during intestinal transit. Further, the usefulness is demonstrated of using the two balance methods simultaneously.
